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I.  INTRODUCTION 


The  hypergollc  rocket  propellants  used  la  Air  Fore*  and  NASA  operations 
include  the  oxidants  NjO^  and  hydrogen  fluoride  (HF)  inhibited  red  fuming 
nitric  add  (DLFNA) ,  and  the  fuels  hydrazine,  monomathylhydr arias,  and 
unsyaaatrlcal  dime thy lhydraxina  (UTMH).  These  chesdcals  are  extreaely 
hazardous  to  propellant  handlers  (skin  contact  can  cause  rapid  and  severe 
burns)  and  are  highly  toxic  (they  exhibit  both  acute  and  chronic  toxicity). 

On  the  basis  of  their  deeonstratsd  oncogenic  potential  in  laboratory  animals,^ 
the  hydrazine  f sally  of  fuels  is  listed  aaong  substances  suspected  of  carcin¬ 
ogenic  potential  in  aan.  Their  use  requires  s  pedal  protective  equlpaent  and 
operational  procedures  designed  to  aaxlxlze  personnel  safety  during  each  phase 
of  an  operation.  The  complete  cycle  of  operations  for  loading  N2°4  inCo  * 
Titan  space  launch  vehicle  booster, 'for  exaaple,  aay  last  several  days  and 
require  the  use  of  several  combinations  of  protective  gloves,  suits,  boots, 
and  breathing  equlpaent. 

The  Air  Force  Systeas  Command's  Space  Division  (SD)  is  currently  review¬ 
ing  the  protective  equlpaent  and  procedures  used  in  its  propellant  handling 
operations  and  la  developing  guidelines  for  the  Space  Transportation  Systea 
(shuttle)  operations  to  be  carried  out  at  Vandenberg  Air  Force  Base.  During 
the  past  decade,  a  variety  of  protective  iteas  have  been  adopted  by  the  Air 
Force  for  relatively  similar  propellant  handling  operations.  As  specific 
coapatlbillty  tests  for  the  aaterlals  and  propellants  involved  are  lacking, 
iteas  such  as  gloves,  protective  suits,  and  boots  have  often  bean  adopted  as  a 
result  of  a  manufacturer's  recoaasndatlons ,  extrapolation  from  experience  with 
similar  compounds,  or  practical  experience.  An  examination  of  the  literature 
on  the  permeation  of  protective  clothing2”22  established  that  chendcal- 
aaterlal  coapatlbillty  oust  be  tested  on  an  itea-byitea  basis,  and  that 
fabric  composition,  thickness,  unlforalty,  age,  and  the  extent  of  previous 
exposure  are  paraaeters  that  affect  coapatlbillty.  Variations  in  the  same 
material  (e.g.,  PVC,  nitrile,  butyl  rubber)  are  encountered  froa  manufacturer 
to  manufacturer,^  and  froa  saaple  to  sample,  when  a  single  batch  of  gloves  is 
examined. 


The  results  of  s  screening  study  that  measured  permeation  times  for  40 
protective  materials  exposed  to  liquid  IRFKA  and  to  liquid  UDMB  are  reported 
here.  Each  experiment  involved  a  previously  unexpesed  section  cut  from  an 
item  of  unused  protective  equipment.  The  suit  fabric  tests  were  conducted  on 
samples  cut  from  sheets  of  material.  A  permeation  study  involving  exposure  of 
these  same  materials  to  other  hypergolic  fuels  and  oxidants  is  under  way.  The 
results  of  this  study  of  relative  resistance  to  permeation  by  fuels  and  oxidi¬ 
zers  will  be  considered  in  both  the  selection  of  protective  equipment  and  in 
the  review  of  the  propellant-handling  procedures  for  SO  operations.  The 
operational  and  systems-safety  considerations  relevant  to  choosing  protective 
equipment  for  Air  Force  programs  are  addressed  in  the  Appendix. 
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II.  EXPERIMENTAL 


A.  APPARATUS 

The  permeation  apparatus  is  illustrated  schematically  in  Fig.  1.  The 
test  materials  were  clamped  in  a  paraffin-coated  glass  apparatus  by  means  of  a 
Vi  ton  or  butyl  rubber  coring  to  ensure  an  airtight  seal  on  the  sweep  air  side. 
The  exposed  area  of  material  was  8  cr.2.  The  permeation  of  N02  was  monitored 
by  an  Energetic  Science,  Inc.  (ESI)  ieries  7000  Ecolyzer  electrochemical 
detector.  UEMH  permeation  was  monitored  by  an  InterScan  Corp.  model  1186 
electrochemical  hydrazine  analyzer.  Air  Products  breathing  air  for  the  IRFNA 
study  or  Air  Products  extra-dry  nitrogen  for  the  UEHH  study  was  swept  over  the 
unexposed  side  of  the  test  material  at  a  rate  of  2.0  i/min  and  sampled  by  the 
Ecolyzer  at  0.71  £/min  or  by  the  InterScan  at  1.2  1/mln.  The  excess  sweap  gas 
was  vented  into  the  duct  of  the  hoo  l  In  which  the  entire  experimental  appara¬ 
tus  was  situated. 

B.  MATERIAL  PREPARATION 

Except  for  a  brief  visual  examination  for  obvious  defects,  samples  were 
tested  as  received  (from  the  manufacturer)  in  this  program.  This  permitted  a 
sampling  of  both  product  variability  and  the  manufacturer's  quality  control. 
Several  test  programs  have  used  selection  and  preparation  methods  including 
leak-testing,  washing,  and  solvent  conditioning.^-*2  The  prescreening 
approach  Is  not  relevant  to  this  study. 

C.  REAGENTS 

Military  specification  IRFNA  was  obtained  from  Vandenberg  AFB  storage  and 
used  as  received.  UEMH  of  99Z  minimum  purity  was  purchased  from  the  Aldrich 
Chemical  Company.  The  calibration  gas,  100  *  2  ppm  N02  in  air,  was  supplied 
by  Matheson,  who  had  verified  its  concentration.  Independent  tests  indicate 
that  the  calibration  gas  concentration  remained  constant  during  the  testing. 

Air  Products  breathing  air  was  used  as  the  sweep  and  dilution  gas  for  the 
IRFNA  study.  It  contains  less  than  1000  ppm  carbon  dioxide  (C02)  and  has  a 
dew  point  below  70  K.  A  UTMH  permeation  tube  was  obtained  from  Analytical 
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study,  or  InterScan  taodel  1186  hydrazine  analyzer  for 
study. 


Instruments  Development,  Inc.  Air  Products  extra-dry  nitrogen  was  used  as  the 
sweep  and  dilution  gas  for  the  UDMH  study. 

D.  PROCEDURES;  IRFNA  PERMEATION 

In  each  experiment,  0.2  ml  of  liquid  IRFNA  was  cpplied  to  the  top  of  the 
fabric  (t  -  0.0  min.)  and  the  concentration  of  N02  vapor  below  the  fabric  was 
detected  by  means  of  a  Series  7000  Ecolyzer  and  recorded  as  a  function  of 
time.  Since  IRFNA  may  be  described  as  nitric  add  (HNOj)  with  excess  dis¬ 
solved  N02,  the  observation  of  N02  permeation  Is  indicative  of  one  type  of 
fabric  failure.  Two  characteristic  permeation  times  are  reported  for  each 
experiment:  t^»  which  is  the  time  at  which  the  N02  concentration  reaches  the 
lower  detection  limit  of  the  Series  7000  Ecolyzer  (0.3  ppm  in  2  1/min  sweep 
air),  and  tH,  which  is  the  time  at  which  the  N02  concentration  reaches  the 
upper  detection  limit  (2.0  ppm  in  2  i/mln  sweep  air).  The  Instantaneous  N02 
permeation  rate  may  be  obtained  from  our  concentration  data  by  multiplying  the 
concantratlon  in  ppm  by  0.28  gm  N02/m2  hr  ppm  (e.g. ,  0.3  ppm  N02  m  0.08  ga 
N02/m2  hr). 

The  small  pool  of  liquid  IRFNA  (which  did  not  cover  the  entire  surface  of 
the  fabrics)  was  typically  observed  on  the  surface  throughout  the  duration  of 
the  test.  An  exposure  volume  of  0.2  ml  was  chosen  as  a  compromise  between  the 
extremes  of  a  minimus  liquid  volume  and  complete  surface  coverage.  Determin¬ 
ing  the  effect  of  exposure  volume  upon  breakthrough  times  CH  and  t^,  and 
(perhaps)  upon  the  relative  ordering  of  fabric  permeation  resistances,  was 
beyond  the  scope  of  this  study. 

Liquid  IRFNA  contains  12  HP.  No  measurement  of  HF  permeation  was  carried 
out.  Tests  showed  that  HF  permeation  would  not  have  interfered  significantly 
with  the  ability  of  the  Series  7000  Ecolyzer  to  detect  N02. 

E.  PROCEDURES:  UDMH  PERMEATION 

The  liquid  UDMH  permeation  tests  and  data  handling  were  carried  out  in 
the  same  manner  as  described  for  the  liquid  IRFNA  permeation  tests.  Each  test 
was  Initiated  by  the  application  of  0.2  ml  of  liquid  UDMH  to  the  test  sample, 
and  the  small  pool  of  liquid  (which  did  not  entirely  cover  the  surface)  was 
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observed  co  rtuln  on  Cha  surface  ChroughouC  Che  Cesc.  UDMH  permeation  wee 
detactsd  by  Che  Intarscan  hydrazine  analyzer,  and  Che  UDMH  concencraciou  In 
Che  sweep  gas  was  recorded  aa  a  function  of  time.  The  characCerlsClc  Claes 
and  ta  for  this  system  are  deCenalned  at  20  ppb  and  750  ppb  levels  of  UDMH  la 
2  t/sdn  sweep  nitrogen.  For  our  setup  Che  Instantaneous  permeation  rate 
equivalent  to  a  UDMH  concentration  In  ppb  Is  obtained  by  multiplying  by  the 
conversion  factor  *  .7  *  10"~*  gm  UDMH/m2  hr  ppb  (e.g.,  20  ppb  UDMH  ■  7 .4  * 

10"3  gm  UDMH/*2  hr). 

T.  PROCEDURES:  CALIBRATION 

The  Series  7000  Ecolyser  N02  analyzer  has  a  usable  dynamic  range  of  one 
order  of  nagnitude  and  can  detect  N02  »t  ~  0.3  ppm  with  a  signal-to-nolse 
ratio  of  ~  3.  It  was  calibrated  on  a  daily  basis  by  means  of  Mathaaon- 
certlf led  100  ±  2  ppm  H02  in  air,  a  simple  dilution  apparatus,  and  rota¬ 
meters.  The  InterScan  hydrazine  analyzer  was  calibrated  on  a  dally  basis  by 
means  of  a  UDMH  permeation  tube  held  at  70*C,  a  simple  dilution  apparatus,  and 
rotameters.  The  rotameters  were  calibrated  by  means  of  a  wet-test  meter  or 
the  bubble  displacement  method,  depending  upon  the  flow  rate.  The  UDMH  con¬ 
centrations  generated  by  the  calibration  system  were  verified  by  craditional 

wet-chemistry  colorimetric  methods,23"2*  after  they  were  collected  with  a 
24 

solid  sorbent. 
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III.  RESULTS 


A.  CLOVES 

The  28  gloves  studied  In  Ch«  liquid  KFNA  and  UDMH  permeation  tests  are 
listed  in  Table  1.  Tbs  manufacturer,  model  number,  material  composition,  end 
average  thickness  are  provided.  The  gloves  are  grouped  mainly  by  composition 
within  the  major  classifications  of  unsupported  gloves  (1-22)  and  supported 
gloves  (23-28).  Tbs  average  thickness  for  each  composition  grouping  is  also 
given. 

The  permeation  rate  results  are  summarized  in  Table  1,  which  Lists  the 
measured  breakthrough  times  t^  and  saturation  times  tg  for  glove  palm  sec¬ 
tions.  H  indicates  that  no  permeation  was  observed  for  90  min.  The  experi¬ 
mental  uncertainty  In  t^  and  tg  is  ±  1  min  or  lass.  The  variation  in  tL  or  tg 
exhibited  by  several  glove  models  is  more  likely  to  be  due  to  variability  in 
the  quality  control  of  the  glove  manufacturer  than  in  our  experimental 
procedure. 

The  individual  breakthrough  times  for  HOj  and  UDMH  ere  plotted  in  Figs.  2 
and  3,  respectively,  for  the  28  glove  models.  The  number  in  parenthesis  repre¬ 
sents  the  number  of  replicate  data  points  that  overlap  within  experimental 
uncertainty. 

Ho  permeation  times  were  reported  for  the  liquid  IRFNA  study  of  glove 
palms  10  and  11.  Both  gloves  produced  saturated  negative  responses  on  the 
Ecolyzer  NOj  analyzer  within  1.3  min  of  the  addition  of  0.2  ml  of  IRFNA  to  the 
palm  section.  A  suss  epectrometric  investigation  into  this  phenomenon  indica¬ 
ted  that  nitrous  oxide  (NjO)  and  sulfur  dioxide  (SO2)  are  released  from  the 
unexposed  side  of  the  fabric  prior  to  fTOj  detection.  Reaction  (1)  is  thermo¬ 
dynamically  spontaneous  and  exothermic. 
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NOj  breakthrough  times  following  exposure  of  glove  palms  to 
liquid  IR7NA.  N  Indicates  that  there  was  no  detectable  NO2 
permeation  during  the  90-mln  duration  of  the  monitoring. 
i  indicates  the  error  limits  that  can  be  assigned  to  experi¬ 
mental  procedures,  as  opposed  to  the  data  scatter  caused  by 
verlatlon  in  sample  quality.  (A)  Glove  palms  found  to  be  In* 
compatible  with  our  test  procedure.  (Therefore,  no  break¬ 
through  times  can  be  reported  for  their  IRFNA  testing.) 
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Fig.  3.  UDMH  breakthrough  tinea  following  exposure  of  glove  pala*  to 
liquid  UDMH.  H  indicates  that  there  was  no  detectable  UDMH 
permeation  during  the  90-min  duration  of.  the  monitoring. 

$  indicates  the  error  Halts  that  can  be  assigned  to  exper¬ 
imental  procedures,  as  opposed  to  the  data  scatter  caused  by 
variation  in  sample  quality. 
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and  generlcally  accounts  for  Cha  ^0  and  SOj  as  products  of  oxidation  of 
sulfur  (S)  contained  in  the  natural  rubber.  It  ms  experimentally  dec* mined 
that  tha  Ecolyzer  regia tered  no  response  to  N20*  whereas  it  registered  a  large 
negative  response  to  6  ppu  SPj  1Q  alt.  Since  the  t^  and  ty  values  in  Table  1 
and  fig*  2  are  defined  in  term  of  NO2  concentrations,  no  values  can  bo  repor¬ 
ted  for  gloves  10  and  11  because  of  the  presence  of  an  unknown  anount  of  SO2 
interference.  Vhen  larger  volumes  (0.4  ml)  of  liquid  IRFNA  wars  applied  to 
the  palm  of  gloves  10  and  11,  the  initial  negative  Ecolyzer  response  was 
followed  by  a  positive  response  occurring  at  20  win  (glove  10)  and  at  8  win 
(glove  11)  after  the  IRFNA  application.  These  results  can  be  explained  by  the 
consumption  of  the  saallar  (0.2  ml)  volume  of  IRFNA  by  reaction  with  the 
natural  rubber,  whereas  with  larger  amounts  of  IRFNA,  N02  permeates  after 
locmlly  depleting  the  sulfur  in  the  glove  see pie. 

He  tested  for  permeation  on  sections  cut  from  various  portions  of  a  few 
gloves.  The  results  of  two  of  these  investigations  Illustrate  tha  sensitivity, 
of  breakthrough  times  to  the  area  sampled.  IRFNA  permeation  testing  was  per¬ 
formed  on  sections  of  glove  27,  with  breakthrough  times  (t^)  ranging  from  no 
detectable  permeation  for  90  min  for  sections  cut  from  either  the  palm  or 
wrist,  to  1.5  min  for  tha  gauntlet  section.  ODMi  permeation  testing  was 
performed  on  sections  cut  from  glove  12,  with  tL  ranging  from  14  and  16  min 
for  two  palm  sections,  to  no  detectable  permeation  for  90  min  for  Cha  wrist 
section. 

B.  SPIT  FAaRICS 

Nine  suit  fabrics,  described  la  Table  2,  were  subjected  to  liquid  IRFNA 
and  DIMS  permee-'tsn  teats.  At  least  five  permeation  tests  were  performed  on 
each  fabric  with  each  of  the  hypergols  (using  fresh  samples  for  each  test). 

The  average  values  anoi  the  standard  deviations  ara  reported  for  tL  and  ty  in 
Table  2.  The  individual  values  of  tL  for  the  IRFNA  and  ODHH  tests  are  pre¬ 
sented  in  Figs.  4  and  5. 

C.  BOOTS  AND  HOOP  WINDOW 

Two  Tiagley  boots  and  a  hood  window  (Standard  Safety)  were  tested  for 
compatibility  with  the  oxidant  liquid  IRFNA  and  the  fuel  liquid  UDKH.  Samples 
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BREAKTHROUGH  TIME  {mini 


SUIT  FABRIC  NUMBER 

Fig.  4.  NOj  breakthrough  times  following  exposure  of  suit  fabrics  to 
liquid  IRFNA.  N  Indicates  that  there  was  no  detectable  NOj 
permeation  during  the  90-min  duration  of  the  monitoring  in  five 
experiments.  The  numerals  In  parentheses  Indicate  the  number 
of  experiments  having  Che  same  outcome  within  experimental 
limits,  i  Indicates  the  error  limits  that  can  be  assigned  to 
experimental  procedures,  as  opposed  to  the  data  scatter 
caused  by  variation  In  sample  quality. 
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SUIT  FABRIC  NUMBER 

Fig.  3.  UDMH  breakthrough  times  following  exposure  of  suit  fabrics  Co 
liquid  UDMH.  N  indicates  chat  Chars  was  no  deCecCable  UDMH 
permeation  during  the  90-ain  duration  of  the  monitoring  in  five 
experiments.  The  numerals  in  parentheses  Indicate  the  number 
of  experiments  having  the  same  outcome  within  experimental 
limits.  $  indicates  Che  error  limits  that  can  be  assigned  to 
experimental  procedures,  as  opposed  to  the  data  scatter 
caused  by  variation  in  sample  quality. 
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were  taken  froa  the  ankle  region  of  the  45  ±  5  ail  natural  rubber  (nodal  1400) 
end  the  45  £  5  nil  Neoprene  (model  1440)  254-mm-high  (10-in.)  1’ngley  boots. 
Both  boots  withstood  the  90-nin  IRFNA  and  UDMB  tasting  without  detectable 
permeation.  The  40-mil  PVC  hood  window  survived  the  90-aln  oxidant  and  fuel 
exposure  without  detectable  permeation  but  with  Impaired  transparency. 


IV.  DISCUSSION 


A.  CLOVE  PERMEATION 

Tha  ralaCiva  resistance  of  28  commercially  available  glove  node Is  to  NO2 
permeation  following  exposure  to  liquid  IRFNA,  and  to  UTMH  following  exposure 
to  liquid  UEKH,  was  established  by  using  aaterlal  sections  cut  from  the  pala 
as  the  standard  for  coaparlson.  Nineteen  of  the  28  models  resisted  NO2  per- 
aeatlon  for  tha  90— ain  duration  of  the  test.  Four  of  the  28  resisted  UDrtH 
permeation  for  the  90  ain. 

It  was  found  that,  for  the  particular  glove  aodels  chosen,  all  six 
neoprene-containing  Materials  (three  neoprene,  three  neoprene/ natural  rubber 
combinations) ,  all  four  nitrile,  all  three  butyl,  and  the  single  Vitotr- 
contalning  aaterlal  resisted  no2  permeation  for  90  ala.  Ve  conclude  that 
these  specific  glove  aodels  should  be  among  the  first  considered  when  exposure 
to  liquid  IRFNA  is  possible.  It  would  be  invalid  to  generalize  that  all  glove 
aodels  containing  neoprene,  nitrile,  butyl,  or  Vlton  are  resistant  to  liquid 
IRFNA  nines  asny  factors,  including  thickness,  the  detailed  coapositlon,  the 
manufacturing  procedure,  and  the  manufacturer’ s  quality  control,  determine  the 
performance  potential  of  a  commercial  product. 

The  results  of  our  tests  involving  glove  sections  aade  of  natural  rubber 
illustrate  that  it  is  invalid  to  generalise  from  specific  test  results  to 
generic  capabilities.  Seven  natural  rubber  glove  materials  (and  three 
neoprene/natural  rubber  saaples  counted  above  among  the  neoprene  group)  were 
resistant  for  longer  than  90  ain,  while  two  aodels  reacted  with  liquid 
IRFNA  and  released  SO2  within  2  to  3  ain.  The  aodels  that  reacted  (10  and  11) 
were  the  thinnest  natural  rubber  models  tested.  It  is  unknown  whether  the 
failure  of  these  gloves  was  due  to  a  difference  in  coapositlon  or  aanufactur- 
ing  process,  or  simply  that  0.2  al  of  IRFNA  was  sufficient  to  consume  0.23  aa 
of  natural  rubber,  but  not  0.38  aa  (the  next  thicker  natural  rubber).  It  was 
beyond  the  scope  of  this  study  to  determine  the  failure  mechanisms  for  gloves 
or  suits  that  resisted  permeation  for  less  than  90  ain. 
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The  single  PVA  glove  model,  ~  1.0  n  thick,  was  permeated  almost 
Instantly  (0.1  -  0.2  min),  this  aodal  Is  claarly  lncoapatlble  with  liquid 
IRFNA.  Tha  six  PVC  glove  models  wars  all  permeated  In  less  than  90  ain.  The 
breakthrough  tlaas  lncraasad  with  Increasing  thickness  for  the  three  Pioneer 
PVC  gloves  (20,  21,  and  22),  Increasing  from  -  5  ain  for  0.25-mm  aeterial 
to  ~  40  ain  for  1.0-am  thickness.  Tha  three  Edmond  Wilson  PVC  models  (23,  24, 
and  25),  with  thicknesses  of  ~  0.9  -  1.2  n,  had  breakthrough  times  of  26  to 
30  min.  The  consistent  permeation  of  all  six  PVC  glove  models  In  less  then 
90  ain  suggests  that  PVC  should  not  be  among  the  first  materials  to  be  con¬ 
sidered  whan  exposure  to  liquid  IKFNA  Is  possible.  We  return  to  a  discussion 
of  the  compatibility  of  PVC  with  C1PHA  while  addressing  tha  results  of  the 
suit  as'carl.  .1  tests. 

Only  four  of  the  28  glove  models  included  in  our  study  resisted  ODHfi 
permeation  following  exposure  to  liquid  UDMH  for  more  than  90  ain.  All  three 
butyl  gloves,  ranging  in  thickness  from  0.3  to  0.8  am,  were  resistant  to  UDMH 
for  the  full  90  ain.  Among  the  limited  selection  of  materials  and  models  we 
tasted,  butyl  rubber  Is  clearly  the  first  choice  (from  the  perspective  of 
chemical  protection)  for  consideration  whan  exposure  to  liquid  UDMH  Is  possi¬ 
ble.  The  "ell”  neoprene  node Is  (1,  26,  and  27)  afforded  protection  with 
breakthrough  times  increasing  from  40  ain  for  0.46-ma  material  (1)  to  more 
than  90  ain  for  1.3  -  1.4-am  material  (27).  Mote  that  0.33-aa  butyl  perme¬ 
ation  resistance  is  Indistinguishable,  within  tha  scope  of  this  teat  program, 
from  that  afforded  by  -  1.4-am  neoprene.  The  breakthrough  times  of  the 
aixad  neoprene/ natural  rubber  glove  palas  (2,  3,  and  4)  were  -  10  ain  for 
0.4-am- thick  material  In  coaparison  with  -  40  ain  for  0.46-ma  "all" 
neoprene  (1).  The  nitrile,  natural  rubber,  PVA,  and  Viton  samples  tested  had 
breakthrough  times  ranging  from  4  to  13  ain.  These  models  should  definitely 
not  be  among  the  first  considered  when  exposure  to  liquid  UDMH  Is  possible. 

The  PVC  sample  with  thickness  of  0.3  am,  comparable  to  the  thickness  of  the 
nitrile,  natural  rubber,  neoprene/natural  rubber,  nitrile,  and  Viton  samples, 
had  a  comparable  breakthrough  time  of  13  ain.  The  thin  sample,  0.23  am,  had 
tg  -  4  ain;  the  thick  samples,  0.9  to  1.2  am,  had  breakthrough  times  from  20 
to  40  ain.  Thus  the  PVC  models  tested  performed  no  better  than  the  comparable 
models  of  nitrile,  natural  rubber,  or  Viton  against  exposure  to  liquid  UDMH. 
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The  three  butyl  models  tested  clearly  performed  best  against  liquid 
UDMH  (one  thick  neoprene  model  also  resisted  UDMH  permeation  for  longer  than 
90  min).  The  other  models  cffered  less  resistance  to  liquid  UDMH  and  should 
be  considered  only  vhen  the  superior  chemical  protection  of  the  three  butyl 
models  is  not  the  most  important  factor  in  the  choice  of  a  protective  glove. 

B.  SUIT  MATERIAL  PERMEATION 

We  have  established  the  relative  resistance  of  the  nine  commercial  suit 
materials  toward  permeation  by  NO2  after  exposure  to  liquid  IRFNA  and  toward 
UDMH  permeation  after  exposure  to  liquid  UDMH.  The  results  of  the  five 
replicate  exposures  provide  preliminary  data  regarding  the  uniformity  of  each 
material's  resistance  to  permeation.  Permeation  was  observed  in  neither  the 
five  IRFNA  nor  the  five  UDMH  tests  of  the  chlorobutyl-coated  Nomex  material 
(fabric  1). 

Pabrlc  1  was  used  in  the  Socket  Fuel  Handler's  Clothing  Outfit  (RFHCO) 
and  exhibited  the  excellent  permeation  resistance  demonstrated  by  other16, ^ 
chlorobutyl  materials.  Fabric  1  is  DuPont  material  number  23219-41-1  and  has 
been  replaced  by  fabric  number  23219-119-1,  which  is  now  being  used  in  the 
RFHCO.  The  RFHCO  chlorobutyl  material  is  used  in  Air  Force  and  NASA 
propellant  transfer  operations  in  which  there  is  potential  for  exposure  to 
hypergollc  propellant  liquid  or  concentrated  vapor. 

We  observed  no  UDMH  permeation  in  tests  of  the  aluminized  Mylar/nylon 
scrlm/FVC,  fabric  7.  This  material  should  be  considered  along  with  the 
chlorobutyl  material,  when  exposure  only  to  UDMH  is  considered  a  possi¬ 
bility.  Its  rapid  (~  2  min)  permeation  by  NO2  should  preclude  its  use  when 
exposure  to  liquid  IRFNA  is  possible. 

The  chlorinated  polyethylene,  fabric  2,  had  tH  and  tL  values  of  about  30 
min  after  exposure  to  liquid  IRFNA.  Of  the  materials  tested,  this  material 
would  be  a  second  choice  to  chlorobutyl  where  chemical  resistance  to  both 
liquid  IRFNA  and  UDMH  is  necessary. 

Fabrics  3  and  5  (Winter  Glo  20  and  Gra-Llte  20)  are  the  most  interesting 
examples,  in  this  study,  of  permeation  resistance  being  a  function  of  the 
detailed  composition  of  the  fabric.  They  also  illustrate  the  danger  in 
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extrapolating  froa  tha  performance  of  one  material  to  that  of  a  'similar* 
material.  Fabrics  3  and  S  are  PVC-baaed  materials  of  tha  same  thickness 
(0.71  am)  made  by  tha  same  manufacturer.  Their  permeation  resistance  differs 
significantly:  15  min  versus  22  min  against  liquid  HFHA  and  10  min  versus 
20  min  against  liquid  UDMH.  Winter  Glo  20  (fabric  3)  is  intended  for  use  in 
cold  weather  where  enhanced  flexibility  is  required.  This  is  achieved  by 
using  a  different  plasticiser  than  that  used  in  Gra-Llte  20  (fabric  5).  This 
apparently  accounts,  at  least  in  part,  for  their  different  resistances  to 
permeation  by  TBFNA  and  UDbfi.  The  four  other  PVC-baaed  fabrics  (4,  6,  8,  and 
9)  had  thicknesses  ranging  from  0.3  mm  to  0.6  u.  They  provided  comparatively 
little  protection  against  permeation  by  either  NO2  or  tTOfi,  with  breakthrough 
times  ranging  from  7  min  to  0.3  min.  All  six  PVC-baaed  fabrics  provided  less 
protection  against  permeation  than  did  the  chloro butyl  SCAPE  fabric  (1)  or  the 
chlorinated  polyethylene  fabric  (23. 

C.  THE  INTERPRETATION  OF  OUR  BREAKTHROUGH  TIME  MSASOKJgWTS 

Breakthrough  times  as  defined  in  our  experiments  (N(>2  or  UDMH  permeation 
as  detected  by  an  electrochemical  detector)  may  differ  from  times  obtained  by 
other  technlquus  because  of  differences  in  the  test  parameters;  those  parame¬ 
ters  are  detection  limits,  the  area  of  fabric  exposed,  and  sensitivity  to 
Interferences  created  by  fabric  decomposition.  Two  gloves  exhibited  "nega¬ 
tive"  Ecolyzer  responses,  which  were  apparently  caused  by  SO2  production.  It 
may  be  possible  that  other  reactions  produced  compounds  that  cause  a  positive 
Ecolyxer  response.  Since  it  is  unlikely  that  interference  would  exactly  cancel 
out  the  detector  response  to  NO2  or  01*®,  the  "no-dstsctafcls-permeatlon" 
results  indicate  that  NO2  or  UDMH  truly  failed  to  permeate  within  the  90-mln 
test.  The  failure  to  permeate  could  indicate  either  fabric  resistance  to 
permeation  by  the  hypergol  or  complete  reaction  of  the  hypergol  with  the 
material. 

It  is  possible  that  exposure  of  protective  materials  to  either  IHFNA  or 
UDMH  may  result  in  the  generation  of  products  more  toxic  than  the  original 
IRFHA  or  UDMH.  These  might  go  undetected  in  electrochemical  detector-based 
studies.  A  definitive  permeation  study  will  require  the  use  of  a  universal 
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detector  such  as  a  mess  spectrometer  Co  establish  Che  identity  of  penaeaacs 
as  a  fmction  of  ciae. 

D.  PERFORMANCE  PREDICTION  BASED  UPON  THESE  RESULTS 

It  la  invalid  Co  extrapolaCe  from  our  Case  resulcs  to  a  prediction  of 
P'.^'traanca  in  actual  use.  If  wa  consider  that  the  suit  fabric  test  pieces 
were  cut  froa  relatively  new  bolts  of  aaterlal,  and  Chat  Che  glove  pieces  were 
cut  froa  the  thickest  section  of  mused  gloves  and  not  repeatedly  exposed  to 
hypergolic  aaterlal,  sunlight,  solvents,  abraslcn,  or  flexing  before  exposure, 
then  we  aust  conclude  that  the  measured  t^  and  tjj  values  are  best  case 
results.  The  relative  ordering  eight  have  been  different  had  we  studied 
saaples  repeatedly  stressed  for  6  months  or  a  year.  It  is  unlikely  Chat  the 
magnitude  of  the  breakthrough  or  saturation  tiaes  would  be  increased  by  such 
stress.  The  actual  safety  margin  (between  external  exposure  and  Internal 
breakthrough)  afforded  by  the  use  of  a  given  aaterlal  that  had  a  tL  value  of 
10,  20,  30,  or  even  90  min  is  thus  unknown. 

An  alternative  analysis,  based  upon  the  supposition  that  a  person  exposed 
to  liquid  IHFNA  or  ITEMH  would  not  keep  a  drop  of  liquid  on  one  spot  for  any 
extended  period,  leada  to  a  conclusion  that  these  are  worst  case  results.  If 
one  considers  that  the  most  likely  exposure  involves  vapor  rather  than  liquid, 
and  that  such  exposures  are  less  stressful  than  exposures  involving  liquid, 
then  our  results  are  worst  case  results. 

The  glove  palm  breakthrough  Claes  cannot  be  extrapolated  to  the  perforxaanc 
of  whole  gloves,  even  under  conditions  Identical  to  those  of  the  tests.  As 
illustrated  by  testing  performed  on  gloves  12  and  27  (see  the  glove  results 
section),  the  breakthrough  Claes  can  depend  strongly  upon  the  portion  of  the 
glove  that  is  exposed.  Whole  glove  performance  will  likely  depend  upon  the 
aost  easily  permeated  portion,  which,  in  turn,  may  vary  from  glove  to  glove. 

There  is  another  type  of  limitation  to  Che  application  of  these  test 
results  to  the  prediction  of  performance:  manufacturers  of  suit  materials 
or  gloves  have  been  known  to  change  Che  chemical  composition  of  a  fabric  or 
glove,  or  its  manufacturing  process,  without  changing  the  product  designation, 
such  as  model  number  or  name,  and  without  notifying  users.  Any  change  in  the 


composition  or  osnufacturlng  process  might  significantly  change  the  permeation 
resistance  of  a  product— -invalidating  the  results  of  even  the  most  realistic 
performance  testing. 

The  final  caveat  la  that  our  test  results  might  give  no  indication  of 
the  relative  performance  of  other  butyl,  nitrile,  or  PVC-baaed  products  touerd 
liquid  DUTNA  or  UEMH,  cs  the  detailed  composition,  the  manufacturer,  and  the 
quality  control  of  the  supplier  can  vary.  Just  as  certainly,  our  breakthrough 
times  should  not  be  used  in  the  definition  of  operational  procedures. 
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V.  SUMMARY  AMD  CONaUSIONS 


The  relative  resistance  of  40  Item  of  protective  equip— nt  Co  per—ation 
by  1K>2  after  exposure  to  liquid  IKFNA  and  Co  per—ation  by  UDMH  afcar  exposure 
Co  liquid  UDMH  vaa  aacabllahad.  Our  raaulCa  ara  uaaful  aa  a  first  screening 
of  these  apaclflc  protective  aatarlals*  Pals  a act Ions  of  specific  glove 
■ode Is  —da  of  butyl,  neoprene,  nitrile,  naCural  rubber,  and  Vlton  resisted 
NOj  per—ation  for  Che  full  90-aln  deration  of  Cha  Casts.  NO2  penaaacion  was 
observed  for  all  Cha  PVC  saaples,  cha  alngla  PVA  sample,  and  two  of  Che  six 
naCural  rubber  saaples  tested.  The  three  butyl  aodels  and  one  of  the  six 
naoprana  —dels  were  the  only  pala  saaples  Chat  resisted  UDMH  permeation  for  the 
full  90  aln.  In  tha  other  pala  sections  exaained,  par— atlon  occurred  between 
0.1  aln  and  ~  80  aln  following  application  of  liquid  UDMH  or  IKFNA. 

Of  Che  nine  suit  fabrics  exaained,  only  chlorobutyl-coated  No— x  resisted 
per—ation  by  both  NO2  and  UDMH  for  —re  than  90  aln.  The  alualnlzed  Mylar/ 
nylon  scrla/PVC  —  Cartel  reslstad  UDMH  per—ation  for  —re  than  90  aln;  It  was 
per— ated  by  IKFNA  In  ~  2  aln.  Tha  chlorinated  polyethylene  fabric  resisted 
tK>2  and  UDMH  per—ation  for  ~  30  ~.n  in  wach  case.  Six  PVC  — terals  were 
tested;  per— atlon  was  observed  to  occur  In  each  case,  with  breakthroughs 
occurring  between  0.4  aln  and  22  aln,  depending  upon  the  specific  PVC  fabric. 

Ve  —at  be  clrcu— pact  and  not  generalize  Coo  broadly  on  the  basis  of 
this  study.  A  Halted  selection  of  coa—  rcially  available  equip— nt  was 
studied,  Che  tests  were  static  and  Halted  to  s— 11  aasq>les,  per—ation  was 
detected  by  reagent-specific  — nltors,  glove  testa  were  of  pala  sections,  and 
quality  assurance  program  are  not  in  place  to  project  Che  user  froa  — nufac- 
turlng  changes  that  — y  alter  the  degree  of  chemical  per—ation  protection 
afforded  by  a  given  — terial.  It  is  certainly  reasonable  to  suggest,  however. 
Chat  tha  butyl  and  the  chlorobutyl  rubbers  be  tha  first  — terlals  from  our 
test  group  to  be  considered  (froa  Che  perspective  of  per—ation  resistance) 
when  exposure  to  both  liquid  IKFNA  and  UDMH  is  possible.  Further,  It  Is 
evident  Chat  no  itea  of  protective  equip— nt  should  be  adopted  without 
specific  chemical  compatibility  testing,  that  procedures  are  needed  to  ensure 
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quality  control  In  adoptad  aquipaant  and,  finally,  that  tha  parforaanca  of  a 
•pacific  nodal  of  protactiva  aquipaant  cannot  ba  pradictad  with  cartainty  froa 
tha  parforaanca  of  othar  aodala  aada  of  aiailar  aatariala,  avan  whan  all  ara 
aada  by  tha  aaaa  nanufacturar. 
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APPENDIX:  CATEGORIES  OP  HAZARDS  REQUIRING 
PROTECTIVE  EQUIPMENT 


Th«  selection  of  protective  equipamnt  for  a  particular  NASA  or  Air  Porca 
oparatlon  la  baaed  upon  recognition  of  the  haxarda  that  are  preaent  or  night 
be  encountered.  Conalderatlon  la  given  not  only  to  the  obvious  dangers  of 
exposure  to  the  propellant,  but  also  to  tha  hazards  associated  with  heat 
stress  and  reduced  dexterity.  Equipment  mist  provide  adequate  protection  from 
the  propellant  without  eliminating  tha  possibility  of  a  self-rescue  that  could 
Involve  a  5— min  egress  from  a  servicing  tower. 

Three  general  catagorlas  are  eonsldared  In  the  use  of  protective  equip¬ 
ment:  (1)  potential  exposure  to  pressurized  propellant  (the  greatest  hazard); 
(2)  hand  protection  for  operations  In  a  ‘shirt  sleeves'  environment:;  and  (3) 
high  work  load  (potential  heat  stress),  complax  manipulation,  limited  work 
apace,  and  the  potential  of  exposure  to  low  concentrations  of  vapor  or  limited 
quantities  of  propellant  presenting  hazards  of  comparable  magnitude. 

In  the  first  category  the  Rocket  fuel  Handler's  Clothing  Oitflt  (RK?CO) 
la  used.  It  consists  of  a  fitted,  zipper-locked,  full-body  chlorobutyl-coated 
Noaex  suit,  a  rigid  helmet,  boots,  gloves,  and  a  self-contained  breathing 
apparatus  backpack  with  a  1-  to  2-hr  air  supply.  The  unit  Is  maintained  at  a 
slight  positive  pressure,  with  air  distributed  throughout  to  minimize  heat 
stress.  The  combination  of  bulky  and  heavy  backpack,  heavy  suit,  gloves,  and 
positive  pressurization  limit  tha  work  load  and  dexterity  associated  with 
RFHCO  use. 

The  second  category  requires  maximum  daxtsrity  and  resistance  to  permea¬ 
tion  In  the  event  of  exposure  to  drops  of  propellant. 

The  requirements  of  the  third  category  are  the  hardest  to  define,  since 
an  assessment  of  relative  hazards  might  require  more  or  less  chemical  protec¬ 
tion  In  one  operation  than  in  another.  Eight  of  the  tested  protective  fabrics 
(fabrics  2-9,  Tabla  2)  are  used  or  are  being  considered  for  adoption  in 
category  3  working  environments.  In  category  3  operations,  a  water  washdown 
la  required  aa  soon  as  possible  following  contact  with  propellant.  Our  studies 
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indicat*  that  km  fabrics  ara  alaost  instantly  peraeatad  by  ODMH  or  ITUTNA  and 
that  othars  sight  glva  lass  than  5  sin  of  protection.  The  us*  of  fabrics  2 
through  9  lapoaas  a* vara  ays teas  safety  constraints  on  operations,  since  aolf- 
rescue  and  washdown  auat  be  feasible  vlthin  the  Halted  protection  tlae  that 
the  aaterlals  provide  following  their  contact  with  liquid  hypergollc  oxidizer 
or  fuel. 
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laboratory  operations 


The  Laboratory  Operation*  of  The  A*ro«p*ce  Corporation  1*  conducting  exper¬ 
imental  and  theoretical  lnve* t Igat Ion*  necessary  for  the  evaluation  and  applica¬ 
tion  of  scientific  advance*  to  new  military  apace  systems.  Veraatlllty  and 
flexibility  have  been  developed  to  a  high  degree  by  the  laboratory  peraonnel  In 
dealing  with  the  many  probleaa  encountered  In  the  nation'*  rapidly  developing 
apace  systems.  Expertise  In  the  latest  scientific  development*  la  vital  to  the 
accomplishment  of  tasks  related  to  these  probleaa.  The  laboratories  that  con¬ 
tribute  to  this  research  are: 

Aeroohyslcs  Laboratory:  Launch  vehicle  and  reentry  aerodynamics  and  heat 
transfer,  propulsion  chemistry  and  fluid  mechanics,  structural  mechanics,  flight 
dynamics;  high-temperature  tliermoaechanict,  gas  kinetics  end  radiation;  research 
In  env 1 r onaent a  1  chemistry  and  contamination;  cw  and  pulsed  chemical  laser 
devel  ipmer.t  Including  chemical  kinetics,  tpectrtacopy,  optical  resonators  and 
beam  pointing,  atmospheric  propagation,  laser  effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  react  tons,  utao- 
spheric  optics,  light  scattering,  state-specific  chemical  rcw..:tlo..s  and  radla 
tlon  transport  In  rocket  plumes,  applied  lamer  spectroscopy,  laser  chemistry, 
battery  electrochemistry,  apace  vacuum  and  radiation  effects  on  materials,  lu¬ 
brication  and  surface  phenomena,  thermionic  emission,  photosensitive  materials 
and  detectors,  atomic  frequency  standards,  sod  bloenvl  rorurental  research  and 
mnn 1 1  or lng . 

Electronics  Research  Laboratory:  Microelectronics,  CaAs  low-noise  and 

power  devices,  semiconductor  lasers,  electromagnetic  and  optical  propagation 
phenomena,  quantum  electronics,  laser  communications,  Ildar,  and  electro-optics; 
communication  sciences,  applied  electronics,  semiconductor  crystal  and  device 
physics,  radiometric  Imaging;  mlllimeter-vave  and  alcrowave  technology. 

Information  Sciences  Research  Office:  Progra*  verification,  program  trans¬ 
lation,  performance-sensitive  system  design,  distributed  architectures  for 
spaceborne  computers,  fault-tolerant  comput-r  system*,  artificial  intelligence, 
and  microelectronics  applications. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metal  matrix 
composites,  polymers,  and  new  forms  of  carbon;  component  failure  analysis  and 
reliability;  fracture  mechanics  and  stress  corrosion;  evaluation  of  materials  In 
space  environment;  materials  performance  In  apace  transportation  systems;  anal¬ 
ysis  of  system*  vulnerability  and  survivability  in  enemy-induced  environments. 

Space  Sciences  Laboratory:  Atmospheric  and  Ionospheric  physics,  radiation 
from  the  atmosphere,  density  and  composition  of  the  upper  atmosphere,  aurorae 
and  airglow;  aaynetospherlc  physics,  cosmic  rays,  generation  and  propagation  of 
plaama  waves  In  the  magnetosphere;  tolar  physics.  Infrared  astronomy;  the 
effects  of  nuclear  explosions,  aagnetlc  storms,  and  solar  activity  on  the 
earth'i  atmosphere.  Ionosphere,  and  magnetosphere;  the  effects  of  optical, 
electromagnetic,  and  particulate  radiations  In  space  on  space  systems. 


